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Short-period superlattices consisting of alternating layers of GaN:Mg and AlGaN:Mg were grown 
by low-pressure organometallic vapor phase epitaxy. The electrical properties of these superlattices 
were measured as a function of temperature and compared to conventional AlGaN:Mg layers. It is 
shown that the optical absorption edge can be shifted to shorter wavelengths while lowering the 
acceptor ionization energy by using short-period superlattice structures instead of bulk-like 
AlGaN:Mg. © 1999 American Institute of Physics, [S0003-695 1(99)037 14-6] 



Many applications exist for the III nitrides in high-power 
and high-temperature electronics, 1 solar-blind ultraviolet 
photodetectors, 2 and blue and ultraviolet light-emitting and 
laser diodes, 3 but materials issues still dominate. One of the 
remaining issues is the p-type doping of the III nitrides, es- 
pecially AlGaN with high aluminum mole fractions, partially 
because of the relatively deep acceptors. 4 " 8 We have previ- 
ously reported Ill-nitride growth, 9 " 12 characterization, 1 314 
and photodetectors. 1516 In this letter, we present the p-type 
doping of AlGaN short-period superlattices (SPSL's) with 
the motivation of reducing acceptor ionization energies, and 
we compare this technique to the doping of single AlGaN 
layers. Also, superlattices of AlGaN have been used for re- 
ducing cracking in the confinement layers of Ill-nitride 
lasers, 17 so it is useful to understand their electrical proper- 
ties. We expect the improved p-type doping through the use 
of AlGaN SPSLs to enhance device performance by provid- 
ing better optical and electrical confinement or shorter- 
wavelength operation because of the increased effective en- 
ergy g a P of the SPSL without increasing the device 
resistance. 

The IH-nitride layers were grown in a horizontal low- 
pressure (10 mbar) organometallic vapor phase epitaxy reac- 
tor manufactured by AIXTRON (AIX200/4 HT). The gal- 
lium, aluminum, nitrogen, and magnesium sources were 
triethylgallium (TEGa), trimethylaluminum (TMA1), ammo- 
nia (NH 3 ), and biscyclopentadienylmagnesium (Cp 2 Mg), re- 
spectively. 

A 50 nm thick, high-temperature (1100°C) A1N nucle- 
ation layer was deposited on (0001) A1 2 0 3 substrates prior to 
the deposition of an AlGaN layer or superlattice at 1050 °C 
with a total thickness of 0.7 /mi. Following the growth, the 
samples were annealed in the reactor at 900 °C in nitrogen 
for 10 min to remove the hydrogen passivation of the accep- 
tors. Table I shows the structures of the SPSLs including the 
layer thicknesses and aluminum concentrations. The cutoff 
wavelengths of the SPSLs studied are also shown in Table I. 
(The arbitrarily chosen is defined as the wavelength at 
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which half of the light is transmitted through the film. This 
wavelength falls on the steep slope of the transmission curve 
and corresponds to about 10 4 cm _1 for these 0.7 fjm thick 
samples.) 

Figure 1 is a diagram of the valence band (VB) of a 
SPSL, drawn without any bandbending. E AG ^ and Saigon 
are the acceptor ionization energies in GaN and AlGaN, re- 
spectively. A£vb * s die valence-band offset, and A£ SL is the 
offset of the bottom of the first miniband of the SPSL from 
the valence band of GaN. For true superlattice behavior, the 
barriers must be very thin so the wave function can penetrate 
in spite of the large effective hole mass. The positions of the 
minibands can be simply calculated, 18 but the effective 
masses and valence-band offsets are not yet well known for 
the AlGaN system. 19 " 21 Assuming ranges for the electron 
effective mass to be 0.18-0.23m 0 , the hole effective mass to 
be 0.54-2.2/n 0 , the valence-band offset to be 18%-50%, 
and the bowing parameter 0-1 eV; the minimum and maxi- 
mum wavelength shifts of the absorption edge for these val- 
ues are recorded in Table I. These values were in reasonable 
agreement with the experiment as seen in Table I. Using the 
diagram, the acceptor ionization energy is given by one of 
the following equations: 

£/l,SPSL=£A,A1GaN + AZSSL — A£ V B> (0 
Ey|,SPSL = ^A,GaN + & E SL . (2) 

If each constituent layer is p type, the smaller of Eqs. (1) and 
(2) will be the initial ionization energy, because the effec- 
tively shallower acceptors will be the first to be ionized ei- 



TABLE I. Sample data including superlattice layer thicknesses, composition 
of the Al c Ga, _ ¥ N layer, cutoff wavelengths, and acceptor ionization ener- 
gies. 
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FIG. 1. Schematic diagram of the valence band of a superlattice. Shaded 
lines are the minibands of the superlattice. Dashed lines are the dopant 
levels in their host material. 



ther from the AlGaN [Eq. (1)] or from the GaN [Eq. (2)]. 
However, if the AlGaN layer were fully compensated, as is 
likely in very high aluminum content layers, 7 Eq. (2) would 
be relevant since there would not be any non-ionized accep- 
tors in the AlGaN layer. A very wide range of values can be 
obtained for these equations, including negative values for 
Eq. (1), depending on the material constants used. 

X-ray diffraction curves were obtained using a Philips 
high resolution diffractometer (HRD) system with a mono- 
chromator utilizing four (220) Ge reflections. Figure 2 shows 
the w/20 curve of a Mg-doped GaN/AlGaN SPSL. In addi- 
tion to the main peak, both the A1N buffer layer peak and the 
— 1 superlattice peak are visible. The presence of the super- 
lattice peak confirms that there is indeed a superlattice in- 
stead of a mixed alloy. The superlattice period calculated 
from the peak positions agrees with the expected thickness 
based on the growth rates of the constituent layers of the 
SPSL. The rocking curve linewidths of the main superlattice 
peaks were relatively narrow (100-200 arcs) for all of the 
samples, indicating good structural quality. 

UV-visible transmission curves were obtained using a 
dual-beam spectrometer with a sapphire substrate in the ref- 
erence beam. Figure 3 shows the optical transmission curve 
for a SPSL compared with curves for its constituent GaN:Mg 
and AlGaN:Mg layers. As expected, the onset of the absorp- 
tion edge of the SPSL is clearly shifted to a shorter wave- 
length than GaN. Once the absorption edge is reached, the 
bulk-like binary and ternary films quickly absorb all of the 
incident light, within the limit of the background noise. This 
contrasts with the transmission curve of the SPSL, which has 
a small peak below the initial absorption edge. This is con- 
sistent with absorption between the minibands of the SPSL, 
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FIG. 2. X-ray diffraction (o/2$ curve of a magnesium-doped GaN/AIGaN 
SPSL. 
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FIG. 3. Optical transmission of Ill-nitride films. 



with the initial dip in transmission corresponding to the tran- 
sition between the lowest-energy minibands in the conduc- 
tion and valence bands. The small peak in transmission 
would then correspond to transition energies above these 
minibands. 

Figure 4 shows the resistivity as a function of tempera- 
ture for a magnesium-doped GaN/AIGaN SPSL and its con- 
stituent layers. Temperature-dependent Hall-effect and resis- 
tivity measurements were taken using Ni/Au contacts in the 
van der Pauw configuration in nitrogen or helium gas at at- 
mospheric pressure. The hole concentration could not always 
be obtained because the noise was often larger than the Hall 
voltage, largely because of the low hole mobilities that were, 
typically, less than 10 cm 2 /Vs. Assuming the mobility is 
comparatively temperature independent, the acceptor ioniza- 
tion energy was extracted by assuming resistivity is inversely 
proportional to T m e ~ E * fkl \ where Tis the absolute tempera- 
ture, E A is the acceptor ionization energy, and k is the Bolt- 
zmann constant. Only the steepest part of the curve was used 
in the fit, to exclude hopping conduction at the lowest tem- 
peratures and both saturation and irreversible changes which 
sometimes occurred at the highest temperatures. 

The data from fits for several samples are summarized 
both in Table I and in Fig. 5, which plots the acceptor ion- 
ization energy as a function of the cutoff wavelength at 
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FIG. 4. Temperature-dependent resistivity of Ill-nitride films. 
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FIG. 5. Acceptor ionization energies as a function of optical absorption edge 
(50% transmission) of bulk-like AlGaN:Mg compared with Mg-doped GaN/ 
AIGaN short-period superlattices. 

which 50% of the light is transmitted. In Fig. 5, the ioniza- 
tion energies of the bulk-like AiGaN and SPSLs can be eas- 
ily compared. These initial data points show that it is pos- 
sible to lower the acceptor ionization energy for a given 
cutoff wavelength by using this doping technique. The in- 
creased ionization energy for the higher aluminum contain- 
ing SPSLs could be due to a larger number of compensating 
donors changing the position where the Fermi level is 
pinned. 

Short-period superlattices consisting of alternating layers 
of GaN:Mg and AIGaN :Mg were grown by low-pressure or- 
ganometallic vapor phase epitaxy. The electrical properties 
of these superlattices were measured as a function of tem- 
perature and compared to conventional AIGaN :Mg layers. It 
is shown that the optical absorption edge can be shifted to 
shorter wavelengths while lowering the acceptor ionization 
energy by using short-period superlattice structures instead 
of bulk-like AlGaN:Mg. Since the hole effective mass is 
much larger than the electron effective mass, and the 
conduction-band offset is larger than that of the valence 
band, most of the wavelength shift in the p-type SPSL will 
be due to the energy shift in the conduction band. This 
should be beneficial for most optoelectronic devices based 



on this material. These initial results are very promising, and 
should encourage more detailed experimental and theoretical 
work, including application to devices. 
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